The quantity of deuterated glucose customarily given in labelled IVGTTs (intravenous glucose tolerance tests) changes the isotopic composition of the subject's body water enough to be detected by mass spectrometric techniques. Glucose undergoing direct glycogenesis does not contribute label to the body water pool, and isotope incorporated into it must have come from glucose that has either been oxidized or undergone indirect glycogenesis. By subtracting the amount of label found in body water from the total amount of glucose utilized, as calculated from the minimal model of glucose disappearance, it should be possible to study the partitioning of the dose given between direct glycogenesis in skeletal muscle and other metabolic pathways. To establish these principles, we used isotope ratio MS to determine body water composition in groups of healthy (n = 7; mean weight, 76 kg; fasting plasma glucose and insulin, 5.1 mmol and 40 pmol respectively) and Type II diabetic (n = 5; mean weight, 84 kg; fasting plasma glucose and insulin, 6.2 mmol and 75 pmol respectively) subjects undergoing IVGTTs. It was found that, for healthy subjects, 31 % of the dose given was utilized in direct glycogenesis and this was decreased to 15 % in diabetes. Defects in muscle glycogen synthesis in diabetes of the same order are well known from magnetic resonance studies. We conclude that measurement of label incorporation into body water is potentially useful for investigation of the metabolism of a glucose load in vivo during an IVGTT.
INTRODUCTION
The quantity of deuterated glucose (approx. 2 g, with 17.5 g of unlabelled material) customarily given in labelled IVGTTs (intravenous glucose tolerance tests) will theoretically change the isotopic composition of a subject's body water sufficiently to be detected by sensitive IRMS (isotope ratio mass spectrometry) techniques. If the [ 2 H] label is incorporated in this way, it must have come from a substrate that has either been oxidized or undergone indirect glycogenolysis and, thus, the kinetics of its appearance could be used to study the metabolic processes involved. The revised two-compartment minimal model of glucose kinetics [1] could, therefore, be used to conventionally calculate both insulin-assisted and insulin-independent clearance, but, at the same time, IRMS measurement of the appearance of deuterium in the body water may give information on the fraction of glucose not participating in direct glycogenesis. Under conditions of hyperglycaemia/hyperinsulinaemia, the combination of oxidation and skeletal muscle glycogenesis accounts for all of the glucose utilization in both healthy and diabetic subjects [2] ; thus, the difference between total glucose disposal (the minimal model data) and glucose oxidation ([ 2 H]-incorporation data) could provide insights into the simultaneous disposal of glucose via the direct glycogenic pathway.
The present studies were intended to establish these principles in experiments in which S G (glucose effectiveness) and S I (insulin sensitivity) were being measured in subjects with normal and impaired glucose tolerance.
MATERIALS AND METHODS

Subjects
The study protocol was approved by the Cambridge Local Research Ethics Committee. Potential recruits, non-smoking males aged 30-65 years, were sent an information sheet describing the purpose of the study and volunteer commitment and a brief questionnaire asking about height, weight and current medication. Current use of drugs expected to interfere with glucose metabolism was taken as an exclusion criterion; users of aspirin in moderation (300 mg/day or less), antihistamines and calcium channel blocking drugs were not excluded. Informed written consent was obtained from the volunteers, who were then invited to MRC Human Nutrition Research (HNR) to have an OGTT (oral glucose tolerance test) to determine their glucose tolerance status, unless they had been diagnosed previously as diabetic and were being currently treated by a regime of diet and exercise only. Two subgroups were then selected, one comprising seven lean (BMI < 25 kg · m −2 , where BMI is body mass index) individuals with normal glucose tolerance, and five subjects with diabetes, as defined by WHO (World Health Organization) criteria.
Intravenous glucose doses
Glucose doses were prepared by Stockport Pharmaceuticals (Stockport, U.K.) by adding 1.75 g of 6,6-[ 2 H 2 ]glucose and 0.120 g of 1-[
13 C]glucose (both certified pyrogen-free and obtained from Promochem Ltd, Welwyn Garden City, Herts., U.K.) to 19 g of unlabelled glucose in the form of a 50 % (w/v) aqueous solution. The carbon-labelled material was for use in a contemporaneous comparative study of insulin-resistance data from [ 2 H]-and [ 13 C]-labelled glucose. Insulin doses were prepared from human Actrapid insulin and diluting medium for soluble insulin injection (both from Novo Nordisk, Crawley, West, Sussex, U.K.) to give a 2.8 µmol solution, which was divided into 0.5 ml aliquots for intravenous administration of 1.4 nmol (175 m-units) insulin.
IVGTT protocol
Subjects were invited to participate in two IVGTTs, separated by at least 4 weeks, in order to determine the repeatability of the model estimates for the kinetic parameters. On each occasion, they were asked to attend the volunteer suite at HNR on the morning of the day of the test, having abstained from food and drink (other than water) for 12 h. Before participating in any clinical procedures, subjects were asked to provide a urine sample to test for glycosuria. A frequently sampled insulinmodified IVGTT was then performed [3] .
Sample analysis
The isotopic composition of the plasma glucose was measured by forming the α-d-glucofuranose cyclic 1,2:3,5-bis(butylboronate)-6-acetate derivative for chromatographic separation [4] , and using GC/MS for determination of the deuterated species. Full details of the analytical procedures, including plasma glucose and insulin measurements, have been given elsewhere [3] .
Plasma water was analysed for deuterium by equilibration with hydrogen gas using a platinum catalyst [5] .
Models and calculations
Two-compartment minimal model
Although the labelled IVGTT is frequently interpreted on the basis of the original (one-compartment) minimal model [6, 7] , non-physiological results are usually obtained for endogenous glucose production. A more sophisticated two-compartment minimal model has been proposed to overcome this problem [8] . This model in its original guise provides realistic estimates of both S G and S I [9] , but it sometimes produces physiologically impossible estimates of glucose disposal. Recently, this issue has been addressed [1] by slight adjustment to the internal constraints within the model. In the present study, elements to allow for urinary glucose losses were also added. The model and the fitting procedures used are completely described in the Appendix.
[
H] recovery
Incremental isotope ratio was converted into absolute quantity of deuterium by multiplication by the isotope distribution space and fraction of dose recovered calculated. Distribution space was estimated from BMI [10] Fraction lean tissue = 1 − fraction fat
These equations assume that lean tissue is 73 % water and a factor of 1.04 is applied to allow for the known offset of [ 2 H] distribution space compared with total body water.
The time courses for the fraction of dose in plasma were fitted to a quadratic spline, which is well suited for the description of sigmoidal curves. This provides two easily interpretable parameters, t 1 (the time at which the first node in the spline occurs), corresponding to the maximum isotope appearance rate, and t 2 (the time of the second node), which corresponds to when no more label is entering the plasma, from which a t1 / 2 (half time) for the process can be calculated [11] . The fitted plateau enrichment was used to estimate the quantity of glucose directly oxidized or participating in indirect glycogen formation. This, by subtraction from the estimate of total glucose disposal from the minimal model, gives 
Statistical analysis
All quantities are expressed as means + − S.E.M. unless otherwise stated. Group means were compared using Student's t test (two-tailed). Repeatibilities are defined as follows: intra-subject repeatability is taken as the average S.D. of the duplicate measurements, and inter-subject variability as the S.D. of the averaged duplicates.
RESULTS
All the IVGTTs provided data that fitted the twocompartment minimal model adequately; all values for S I and S G fell within the expected ranges and are given in Table 1 .
Estimates of the fraction of the dose lost via the various metabolic pathways are given for the normal and diabetic subjects in Table 2 . These are expressed in terms of total fluxes and compared with the corresponding tracee quantities in Table 3 . Considerable differences were observed between the two groups. 
Figure 1 Typical appearance curve of the deuterium label from the dose in plasma as determined by IRMS techniques
In all cases, the quantity of deuterium-labelled substrate given in the standard labelled IVGTT protocol was sufficient for it to be observed entering the body water pool using standard IRMS techniques; however, to our knowledge, this is the first report of the measurement of body water enrichment occurring as a consequence of such a test.
A typical time course for the appearance of label in plasma is given in Figure 1 . The average fraction of the dose recovered in the body water was 58 + − 2 % for the healthy subjects, significantly different from the 66 + − 3 % observed for the diabetic subjects; however, normalizing by subject weight removes the significance of the comparison: the average values for healthy and diabetic subjects being 897 + − 40 and 926 + − 57 µmol/kg of body weight respectively.
The maximal rate of appearance of label in the plasma occurred at approx. 20 min post dose, and the concentration of deuterium reached a plateau after 4 or 5 h. No significant differences were found for any of the parameters t 1 , t 2 or t1 / 2 between the two groups, nor did any of them correlate significantly with S I . However, there was a negative correlation (r ≈ − 0.4) between t1 / 2 and S G (P < 0.05), indicating that it was the pathways independent of insulin action which provided the main contribution to the label appearing in body water. The measures of repeatability obtained from the duplicate measurements are given in Table 4 . The intrasubject reproducibility was similar to that reported previously for S I measurement by the two-compartment model (coefficient of variance for S I of approx. 20 % [12] ).
DISCUSSION
We believe that the interpretation of IVGTT data by the two-compartment model in the present study is unique in that it is the first report performed in populations with known differences in their response to a glycaemic load which has analysed data using the two-compartment minimal model in its most recent version and with constraints chosen appropriate to the study groups. It has also been demonstrated that direct estimate of the fraction of the dose oxidized can be made with the use of data from [ 2 H] incorporation in body water, and then by inference the proportion of glucose dose stored by skeletal muscle as glycogen. Urinary losses were included in the model to permit complete calculation of glucose disposal. Inclusion of the estimates of glycogenolysis add considerably to the power of the IVGTT assessment of glycaemic response without increasing the complexity of the clinical protocol or imposing additional burden on the subjects.
Indices of S I and S G
As expected, there is a clear difference in the S I s between the two groups. However, in contrast with the recent study in a similar sized Japanese population [13] , we also found that S G deduced from the two-compartment minimal model was significantly decreased in diabetes.
The discrepancy between the findings of these two studies may be explained by the version of the two-compartment model used. In its original form, which was used in the latter study [13] , a value of β = 3 was adopted and the zeroth-order rate of utilization of plasma glucose was taken as a constant value for all study populations. If the present data is analysed using values of α and β appropriate to normal subjects universally, then, although a slight decrease in S G (approx. 7 %) in diabetes is observed, it is too small to be considered significant with these study numbers.
Impairment of both insulin-independent and -dependent glucose metabolism is expected in the diseased state [14] , due to a peripheral deficit of glucose uptake. It is well documented that, when measured by the unlabelled minimal model, such perturbations of S G are observed in the diseased states of impaired glucose tolerance (approx. 40 % decrease [15] ), Type II diabetes (approx. 50 % decrease [16] ) and Type I diabetes (approx. 40 % decrease [17] ). Surprisingly, there is a paucity of studies comparing normal and diabetic subjects using tracer techniques. Avogaro and co-workers [18] used the one-compartment model to analyse labelled IVGTT data in diabetic subjects, obtaining a mean + − S.E.M. for S G of 0.318 + − 0.029 h −1 , decreased significantly by 27 % from that found for normal subjects (0.439 + − 0.036 h −1 ) by the same group [19] . In contrast with the unlabelled model, which is indicative of the sum of peripheral insulin-independent glucose uptake and suppression of endogenous glucose release, S G obtained from isotope experiments represents uptake only, which has been used as an explanation for why a smaller effect is obtained from the label data.
In the study by Nagasaka et al. [13] , which to our knowledge is the only other two-compartment comparison made between diabetic and normal subjects, this argument was used to explain the apparent unimpaired glucose tolerance in the diseased group. The indications from the present study are that the internal constraints of the minimal model itself must be carefully considered before conclusions can be drawn. It is interesting that, although the application of the original minimal model to diabetic subjects suggests no change in S G , the same model has been used to demonstrate an enhancement of S G in exercise-trained healthy subjects compared with their sedentary counterparts [20] . The present work suggests that these contrasting results, one where the values of the model constraints α and β might be expected to be relatively unaltered and the other in which they might be changed by disease, possibly need re-examination after the completion of trials to assess the constraints of the minimal model in a number of populations with welldefined clinical characteristics.
We did not exclude specifically subjects using prescribed antihypertensive medication in the present study. Most calcium-channel blockers are believed to be metabolically inert, but there have been reports of certain calcium-channel blockers (i.e. nifedipine) interfering with glucose metabolism [21, 22] ; however, the single subject using this medication was not unrepresentative of his group, and was therefore retained in the study.
Glycolysis
Glucose utilization in man can be summarized by equating the total uptake with the sum of glycolysis and storage over a given time period. In the present case, since the dose was given intravenously, there is no need for correction for disposal in splanchnic tissues prior to the dose reaching the plasma, as must be done if the glucose is given orally [23] , and the quantity of glucose lost from the systemic circulation and the associated remote compartment can be taken as representative of the whole body uptake.
The deuterium label is bound to the carbon in the 6-position of the glucose ring. The process of glycolysis, via the Embden-Meyerhof pathway, retains this label throughout, and ultimately appears in the methyl group of pyruvate. Only a certain fraction of the pyruvate generated by this glycolysis will proceed to the Krebs cycle and oxidation, the remainder undergoing nonoxidative degradation to lactate for transport and subsequent gluconeogenesis. Under the oxidative pathway it is clear that the label on the 6-position will be incorporated into the body water pool. For the non-oxidative route, it is believed that no label is retained to appear in recycled glucose (hence the customary choice of labelling at this site for glucose disposal measurements); however, its fate is not clear. It is known that some is lost early in the gluconeogenic pathway when oxaloacetate is formed from pyruvate, and the remainder in the conversion of malate into fumarate in this pathway [24] .
Since the relative proportions of oxidative and nonoxidative glycolysis under conditions of the IVGTT are poorly known, caution must be exercised in assuming that the appearance of deuterium from the 6-carbon of glucose in body water is representative of total glycolysis. At worst, it might be indicative of the amount of glucose oxidized only. However, little of the lactate produced by non-oxidative glycolysis remains unaltered in body fluids. Under similar physiological conditions it has been shown that most of the glucose flux undergoing nonoxidative glycolysis proceeds to liver glycogen via the indirect pathway [25] . Using this argument, the appearance of deuterium in body water is representative of whole body glycolysis, i.e. the sum of that occurring in skeletal muscle and in the liver.
Furthermore, it is accepted that the rate of appearance of tritium in plasma water from 3-[ 3 H]glucose is a valid measure of total glycogenesis [26] and, since there have been a number of experiments which have demonstrated that the appearance of tritium in body water does not differ greatly whether the label comes from the 3-or 6-position [27] , we feel that it is realistic to assume that the measurements made in the present study are valid estimates of total glycolysis.
During euglycaemic hyperinsulinaemic clamp studies in normal subjects, approx. 50 % of glucose given is removed by direct glycogenesis and the rest is oxidized [25] . Direct extrapolation of these results to the IVGTT is inappropriate, since the clamp is performed under steady conditions, whereas IVGTT is dynamic in both plasma glucose and insulin. The high glucose fluxes (approx. 7 mg · kg −1 of body weight · min −1 ) used in the clamp studies, along with the hyperinsulinaemia, amounting to plasma concentrations of 700 pmol, required for disposal are vastly in excess of the more physiological levels encountered during IVGTT, and might be expected to lead to increased relative amounts of glycogenesis compared with those observed in these studies. For the nondiabetic subjects in the present study, we calculated that 31 + − 3 % of the dose given in IVGTT is taken up in glycogenesis, and that this is decreased to only 15 + − 3 % for the diabetic group. A decrease in glycogenesis in diabetes has also been reported by Shulman et al. [2] using magnetic resonance techniques to directly observe incorporation of carbon-labelled glucose into muscle glycogen during clamp studies. The reported 57 % decrease in the rate of glycogen synthesis in diabetic subjects is almost identical with the 52 % decrease indicated in the present study. This result increases confidence in the usefulness of inferring the relative amount of direct glycogenesis during IVGTT, although full validation of the method will only be achieved by studies with parallel NMR investigations.
The measures of glycogenesis obtained during IVGTT do not correlate sufficiently well with S I to reach significance with a study group of this size; however, the correlation with S G (after the customary square root transformation) is significant (P < 0.001) which, at first sight, is surprising. However, S G is not solely a measure of insulin-independent glucose clearance, as is often believed, but, as has been pointed out in discussions of the one-compartment minimal model [28] , has within it a large component reflecting insulin action at basal levels. This is immediately apparent in our formulation for the two-compartment model from eqn (7) in the Appendix, which indicates that, for any particular population group, S G is proportional to the quotient of insulin-assisted glucose metabolism and the plasma glucose pool size in the basal state. In the fasted state, when the principal fuel used by muscle is fatty acids, defects in the insulinassisted muscle glycogen pathway will have a profound effect on the flux of glucose lost from the remote compartment and, hence, on the observed value of S G .
Significance of urinary glucose loss
It is not customary to include losses due to glycosuria in the structure of minimal models, even though the renal threshold is usually exceeded for part of the test period. Avogaro et al. [18] investigated the effects of glucose urinary loss on the parameters obtained from the onecompartment model, but, to our knowledge, the present study is the first to report a similar modification to the two-compartment model.
We found that, for normal subjects, losses via this route amounted to only 1.5 + − 0.2 % of the dose given, whereas, urinary losses rose to 3.7 + − 0.7 % in the diabetic group. This is considerably less than the approx. 17 % losses we calculate from the data given for diabetic subjects in the study by Avogaro et al. [18] ; however, in that study, the glucose dose given was approx. 20 % bigger than that used in the present study.
Explicit inclusion of urinary losses had little effect on the results from the minimal model for the healthy subjects, both S G and S I appear to be underestimated by its omission, but not to significant levels as judged by paired Student t tests. Likewise, the relative portions of the dose disposed by the various routes were not significantly changed in this population. For the diabetic group, however, although there was no significant change in either S G and S I , explicit incorporation of the urinary loss significantly decreased the percentage of the dose utilized by the three metabolic pathways combined (P < 0.05). Of particular importance was the decrease in the total fraction of the dose utilized in this group, which decreased from 91 + − 1 % estimated from the standard model to 81 + − 2 % once the excretion route had been added.
In conclusion, the present study has indicated that measurement of the appearance in body water of label derived from the dose given in IVGTT experiments is a useful supplement to the protocol for minimal model studies. Analysis of the combined data may be useful for assessing glycogenesis in skeletal muscle.
APPENDIX
Two-compartment minimal model of plasma glucose metabolism
The two-compartment minimal model assumes that (i) insulin-independent glucose disposal occurs from the accessible glucose pool (G 1 ), via two pathways, one at a constant rate (U 1 ) and the other first order in glucose mass [U 1 (t)], and (ii) insulin-dependent glucose disposal [U 2 (t)] occurs only from a slowly exchanging non-accessible pool (G 2 ) and is parametrically controlled by insulin in a compartment remote from the plasma. During an IVGTT, plasma glucose usually exceeds the renal threshold for part of the time. We therefore include a further mechanism for glucose disposal: (iii) when the renal threshold is exceeded, losses from the accessible pool occur due to saturation of tubular reabsorption. This pathway is denoted U 1 (t).
Consideration of the exchange between compartments, and the production [P 1 (t)] and utilization processes in the steady state (when renal losses do not occur) leads to
where ss is the steady state, and k 12 and k 21 are fractional rate constants of exchange between G 1 and G 2 . Assumption (ii) generates the concept of insulin action, denoted Y(t), where U 2 (t) = Y(t)G 2 (t), which is related to plasma insulin by
where k 0R is fractional rate constant of irreversible loss of insulin from the remote compartment, K I is the composite fractional rate constant of appearance of insulin action and I(t) is plasma insulin as a function of time.
In the basal state, U 2 (ss) = k 1 G 2 (ss)I(ss), where I(ss) is the steady state of plasma insulin, which is combined with eqn (1) to give
Two constraints now need to be applied to ensure that a unique fit of experimental data to the model can be made.
The most recent proposals [1] are (i) that the constant term U 1 be a fixed fraction, α, of total glucose utilization in the steady state, and (ii) in the steady state, the total rate of insulin-independent utilization be a fixed multiple, β, of the insulin-dependent rate. From which
The general (non-steady-state) expressions for the four pathways are written
where V 1 is the distribution volume of the accessible pool, F G the glomerular filtration rate, and H the renal threshold. Adopting the usual definitions of S G and S I
expressions for the insulin-independent clearance routes are
The production in the basal state is given by
and, as FCPR (fractional plasma clearance rate) under steady-state conditions [FCPR(ss)] is equal to the production rate divided by the plasma glucose mass, the current assumptions force FCPR(ss) to be a fixed multiple of S G (in contrast with the original two-compartment model [8] ). By the principles of tracer/tracee indistinguishability, the equations analogous to eqn (4) for tracer material are found to be
where * denotes parameters associated with tracer material. From the eqns (5) and (9) it is possible to calculate the following:
Total quantity of glucose utilised from the plasma via the zeroth order route during the test
Total quantity of glucose utilised from the plasma via the first order route during the test
Total quantity of the dose lost to the urine (note the integrals are evaluated between t 1 and t 2 , the period during which the renal threshold is exceeded)
Total quantity of the dose utilised from the plasma via the zeroth order route
Total quantity of the dose utilised from the plasma via the first order route
Total quantity of the dose utilised from the remote compartment
where T is the duration of the test, D and d are the total glucose dose and the quantity of label given respectively. H, the renal threshold, was taken as 10 mmol [29] , whereas F G , the glomerular filtration rate, calculated from the Cockcroft-Gault equation [30] F G = (140 − age) · weight 1200 , dm 3 . h in which we have taken a representative value of 10 mg · dm −3 for the concentration of plasma creatinine. The parameters α and β are believed to depend on physiological status. The values adopted were derived from a single study [31] in which it was found that there is an enhanced zeroth-order element (R d,0 ), but decreased mass action effect in diabetes, which will consequently be a feature of the interpretation of all investigations using this model. Since the introduction of the twocompartment model, it has been customary to adopt a value of β = 3 [8] but, in order to maintain physiological plausibility, a value of β = 5 has been adopted for subjects with diabetes [1] , although there is no experimental evidence to support this choice. We have briefly examined the effects of varying α and β and have found that increasing α causes a marked decrease, and increasing β gives a slight increase in the fitted S G ; however, total fraction of the dose taken up is robust to changes in these parameters, being changed by approx. 1 % across their expected ranges.
Model fitting
Modelling was accomplished using a spreadsheet package (Microsoft Excel). A simple iterative method was chosen to maximize the flexibility in developing the calculations. Euler's method was used to approximate the time courses from their derivatives, and compared with plasma concentrations scaled by the distribution volume, which is one of the five independent parameters of the fit along with k * 0R , k 12 , k 21 Fitting of the model parameters to experimental data was accomplished by minimizing the sum of the squared residuals of the observed and modelled plasma-labelled glucose concentrations using the built-in non-linear optimization function of the spreadsheet.
